The role of intraspecific and interspecific interactions in structuring biotic communities at fine spatial scales is well documented, but the signature of species interactions at coarser spatial scales is unclear. We present evidence that species interactions may be a significant factor in mediating the regional assembly of the Danish avifauna. Because >95% of breeding species (n = 197) are migratory, we hypothesized that dispersal limitation would not be important and that breeding distributions would largely reflect resource availability and autecological habitat preferences. Instead, we detected a striking pattern of spatial segregation between ecologically similar species at two spatial scales with a suite of null models that factored in the spatial distribution of habitats in Denmark as well as population size and biomass of each species. Habitat utilization analyses indicated that community-wide patterns of spatial segregation could not be attributed to the patchy distribution of habitat or to gross differences in habitat utilization among ecologically similar species. We hypothesize that, when habitat patch size is limited, conspecific attraction in concert with interspecific territoriality may result in spatially segregated distributions of ecologically similar species at larger spatial scales. In the Danish avifauna, the effects of species interactions on community assembly appear pervasive and can be discerned at grain sizes up to four orders of magnitude larger than those of individual territories. These results suggest that species interactions should be incorporated into species distribution modeling algorithms designed to predict species occupancy patterns based on environmental variables.
The role of intraspecific and interspecific interactions in structuring biotic communities at fine spatial scales is well documented, but the signature of species interactions at coarser spatial scales is unclear. We present evidence that species interactions may be a significant factor in mediating the regional assembly of the Danish avifauna. Because >95% of breeding species (n = 197) are migratory, we hypothesized that dispersal limitation would not be important and that breeding distributions would largely reflect resource availability and autecological habitat preferences. Instead, we detected a striking pattern of spatial segregation between ecologically similar species at two spatial scales with a suite of null models that factored in the spatial distribution of habitats in Denmark as well as population size and biomass of each species. Habitat utilization analyses indicated that community-wide patterns of spatial segregation could not be attributed to the patchy distribution of habitat or to gross differences in habitat utilization among ecologically similar species. We hypothesize that, when habitat patch size is limited, conspecific attraction in concert with interspecific territoriality may result in spatially segregated distributions of ecologically similar species at larger spatial scales. In the Danish avifauna, the effects of species interactions on community assembly appear pervasive and can be discerned at grain sizes up to four orders of magnitude larger than those of individual territories. These results suggest that species interactions should be incorporated into species distribution modeling algorithms designed to predict species occupancy patterns based on environmental variables.
null models | assembly rules | interspecific territoriality | conspecific social attraction | allee affect T he study of species interactions has been at the forefront of ecological research for 75 years (1) (2) (3) (4) , but the range of spatial scales at which interactions may be discerned in natural communities is imperfectly known. Species interactions affect the finegrained spacing of individuals in a wide range of organisms including plants (5, 6) , marine invertebrates (7-9), social insects (10), fish (11), lizards (12) , and mammals (13) . The evidence is particularly good for birds, where aggressive interactions may result in interspecific territoriality in which individuals defend territories against both conspecific and heterospecific individuals (14) (15) (16) . At what point along the spatial continuum from individual territories to continental landscapes does the signature of species interactions cease to be visible?
Interspecific competition can have a pervasive influence on the distribution, abundance, and foraging behavior of birds on small islands (17) (18) (19) , and it has been hypothesized that local competition among species could "scale up" to generate competitively driven distributional patterns on larger islands (20) . However, interspecific competition has a more subtle and ecologically limited effect in mainland avifaunas (14) (15) (16) 21) . The extent to which interspecific competition influences the geographic distribution of species in continental landscapes has never been resolved. Because large-scale field experiments on avian communities are unfeasible, evidence of interspecific competition has been sought in binary presence/ absence matrices of species occurrences on islands (20, 22 ) and in continental mainland regions (23). Inferences of community assembly rules from statistical analyses of presence/absence data are controversial. Even with the use of sophisticated null-model analyses, it is not possible in most systems to discriminate spatial patterns generated by species interactions from those caused by historical effects, dispersal barriers, and especially those resulting from habitat selection, the intrinsic preferences that species show for particular habitats (24). Large-scale distributional signals of species interactions, if they exist in continental avifaunas, originate at the scale of individual territories. Although habitat selection manifests itself at a wide range of grain sizes (24, 25), the effects of intraspecific and interspecific interactions in continental landscapes previously have been detected only at small grain sizes (14-16, 21, 24, 26-29) . In this paper, we present evidence that both intraspecific and interspecific interactions may influence the large-scale spatial distribution of breeding birds in Denmark.
Denmark consists of the Jylland Peninsula and an archipelago of land-bridge islands, most of which are visible from the mainland. The contemporary breeding avifauna (197 species) is largely migratory, and only a handful of species (<5%) can be classified as sedentary residents, although juveniles of even these species disperse widely (30). A majority of migratory species also have breeding populations in Sweden and Norway that transit Denmark during migration. Thus, the breeding distribution of birds in Denmark largely reflects resource availability, habitat selection, and the outcome of species interactions, rather than dispersal limitation, historical contingency, or evolutionary processes (none of the species in this assemblage are endemic to Denmark).
To disentangle the effects of species interactions from those of habitat selection in the Danish avifauna, we analyzed the breeding distributions of birds at two spatial grains-from a gridded matrix of 5-km × 5-km cells (n = 2003) and a larger-scale aggregation of 10-km × 10-km cells (n = 620) ( Fig. 1 and Fig. S1 ). Cells of the smaller grain size (25 km 2 ) are roughly equivalent in area to the breeding territories of the largest raptors (e.g., Bubo bubo) but are three to four orders of magnitude larger than the breeding territories of songbirds, which numerically dominate the Danish avifauna. We then quantified the areas of principal terrestrial and aquatic habitats occurring in each cell at the two spatial scales (Table S1 ). These complementary databases were used to analyze the co-occurrence patterns of species and the observed and expected values of habitat utilization and electivity at two nested levels of assemblage organization: (i) foraging guilds within the avifauna and (ii) sets of congeneric or closely related species within foraging guilds. This hierarchical framework groups species into guilds of ecologically similar species, with congeneric species within foraging guilds exhibiting the greatest similarity in foraging behavior and morphology.
We crossed this spatial and guild classification with analyses of four null models of species co-occurrence: a standard "fixed-fixed" null model (which preserves row and column sums of the observed binary presence/absence matrix) and three additional models that used information on habitat availability, population sizes, and biomass to modify marginal probability distributions (Table S1, S2,  and S3 and Figs. S2 and S3) . Finally, we conducted null-model analyses of habitat utilization and electivity (31, 32) at both grain sizes for the foraging and congeneric guilds. The resulting suite of 24 sets of null-model analyses (two guild categories × two grain sizes × six null models) permits us to address two fundamental questions about the distributional patterns of Danish breeding birds: (i) Do species in foraging and congeneric guilds exhibit nonrandom patterns of spatial aggregation or segregation? (ii) Can nonrandom distributional patterns at different spatial scales be accounted for by the availability and selection of habitat?
Results Co-Occurrence Patterns Within Foraging Guilds. Species within most foraging guilds exhibited segregated distributions (Fig. 2 , Left and Table S4 ). Summed across all of the foraging guilds, null models, and spatial grain sizes (24 guilds × 2 grain sizes × 4 null models = 192 analyses), 69.8% of tests indicated statistically significant segregated distributions, 18.2% showed random distributions, and 12.0% indicated statistically significant aggregated distributions. In a comparison of patterns at the two grain sizes, a greater fraction of tests indicated segregated distributions in 100-km 2 cells (74 segregated, 6 aggregated) than in 25-km 2 cells (60 segregated, 18 aggregated). In a comparison of the different null models, combining results from both scales of resolution, all four indicated relatively high frequencies of segregated patterns: fixed-fixed model (29 segregated, 0 aggregated); habitat model (33 segregated, 9 aggregated), population model (36 segregated, 6 aggregated); and biomass model (36 segregated, 7 aggregated). The habitat model showed the greatest difference in patterns between 100-km 2 cells (22 segregated, 1 aggregated) and 25-km 2 cells (11 segregated, 8 aggregated).
Four foraging guilds exhibited segregated distributional patterns at both spatial grains over all models, whereas 11 guilds exhibited a mixture of segregated and random distributions (Table  S4) . Eight guilds exhibited a mixture of segregated, aggregated, and random distributions, but only the dabbling ducks showed a strong pattern of aggregation (three of four models at both grain sizes). Of particular interest, the eight foraging guilds composed almost entirely of territorial songbirds (openland insectivores, terrestrial and low-stratum flycatchers, thrushes, marsh warblers, foliage gleaners, tit-like birds, corvids, passerine seedeaters) showed strongly segregated distributions in 25-km 2 cells (20 seg- . The HD score is the product of relative grid cell area and the probability that two points randomly chosen within a grid cell represent different habitat types (54). The HD score was used to parameterize null models of random species colonization independently. Species richness ranged from 1 to 109 species per cell (16, 60) . The best-fitting power function was S = 27.93681(HD) 0.1916 , r 2 = 0.1171. See Fig. S1 for comparable figures at the 10-km × 10-km (100-km 2 ) grain size.
Fig. 2.
Summary of null-model analyses of species co-occurrence in ecological guilds of Danish birds (Tables S4 and S5 ). Summing across spatial grain sizes, four congeneric guilds exhibited a mixture of segregated and random distributions; the remaining four guilds showed a mixture of segregated, random, and aggregated distributions (Table S5 ). Overlap patterns in Sylvia (2 segregated, 4 random, 2 aggregated) and Phylloscopus (1 segregated, 5 random, 2 aggregated) were equivocal. The remaining six guilds showed strong patterns of spatial segregation: Anthus (6 segregated, 1 random, 1 aggregated); Acrocephalus (6 segregated, 2 random, 0 aggregated); Parus (5 segregated, 2 random, 1 aggregated); Corvus (8 segregated, 0 random, 0 aggregated); Carduelis (6 segregated, 2 random, 0 aggregated); and Turdus (6 segregated, 2 random, 0 aggregated).
Habitat Utilization and Electivity Within Foraging Guilds. All foraging guilds showed significantly high overlap in habitat utilization at both spatial grain sizes (48/48 tests; Table S6 ). Similar patterns of high overlap were observed in habitat electivity analyses of 25-km 2 cells (17/24 tests) and 100-km 2 cells (15/24 tests). Species within foraging guilds never exhibited mutually exclusive patterns of habitat utilization and electivity. These analyses suggest that the pervasive spatial patterns of segregation indicated by the four cooccurrence null models (Fig. 2) were not caused by checkerboard distributions of habitats or by gross differences among species in habitat preferences.
Habitat Utilization and Electivity Within Congeneric Guilds. Congeneric guilds are composed of species that might be expected, a priori, to exhibit the greatest degree of niche overlap based on phylogenetic similarity and niche conservatism. Congeneric guilds showed significantly high overlap in habitat utilization at both spatial grain sizes (16/16 tests; Table S7 ). Similar patterns of high overlap were observed in habitat electivity in 25-km 2 cells (six of eight tests) and in 100-km 2 cells (six of eight tests). The one exception was observed in Sylvia (five species), which exhibited high overlap in habitat utilization but mutually exclusive patterns of habitat electivity at both spatial grains. This result suggests that species of sylviid warblers occupy cells with a similar spectrum of common habitats but may differ from one another in their occupancy of grid cells containing uncommon habitats (i.e., shrublands and deciduous woodlands).
Discussion
We began the analyses with the expectation that the breeding distribution of birds in Denmark would be linked in a simple way to the availability of preferred habitat at the scale of analysis ( Fig. 1) (33) . The significant aggregation of dabbling ducks in grid cells containing marsh and freshwater lakes, for example, was consistent with this expectation. We were surprised, however, to discover a pervasive pattern of spatial segregation of species belonging to welldefined foraging and congeneric guilds (Fig. 2) , especially among species of territorial songbirds. Because terrestrial habitat diversity is high within 25-km 2 grid cells (9.6 of a possible 10 habitats), there is little evidence that segregated patterns of spatial overlap among widely distributed territorial species are caused by checkerboard distributions of distinctive habitat types or reflect strong differences among species in habitat preferences (Fig. 3) . A lack of habitat sorting also was confirmed by the pattern of high overlap in habitat utilization and electivity among species belonging to the same foraging and congeneric guilds (Tables S6 and S7 ). The one exception was observed in Sylvia warblers, which exhibited significantly less overlap in habitat electivity. Although these findings do not rule out the possibility that subtle habitat preferences influence the pattern of spatial segregation among other guilds at coarser spatial scales, they do suggest that behavioral factors other than simple habitat selection may influence the spatial distributions of species at grain sizes several orders of magnitude larger than the areas of individual territories.
Conspecific and heterospecific attraction often result in clumped or aggregated distributions of breeding birds, most notably among colonial species such as herons, gulls, and swallows (34, 35). The occurrence of conspecific and heterospecific attraction among songbirds that defend relatively large territories (0.1-10 ha) is arguably more intriguing because the adaptive advantages of aggregated distributions for highly territorial species are less apparent. Because heterospecific attraction would yield a significant excess of aggregated distributions among pairs of species (36), the opposite of what we observed, it may be excluded as the basis for the pervasive community-wide patterns of spatial segregation.
Although logistical and ethical constraints prevented us from conducting large-scale field experiments, we hypothesize that the underlying cause of spatial segregation in territorial species at larger scales of resolution stems primarily from conspecific attraction. Several field studies have shown that patch suitability is enhanced by the presence of conspecifics, which can lead to local abundance peaks higher than expected from the distribution of habitat resources (34). The benefits of local aggregative behavior in territorial birds, including mate acquisition and public information sharing, are examples of Allee effects (37, 38), broadly defined as the positive relationship between fitness and the number of conspecifics. Allee effects, which often are manifest at low population densities, may result in conspecific aggregations at spatial scales larger than those of individual territories.
Although conspecific attraction may explain local aggregations of species at the grain sizes analyzed in this study, it cannot explain the excess frequency of interspecific segregation observed in many foraging and congeneric guilds of Danish birds. Interspecific territoriality has been documented in a number of territorial songbirds in Eurasia (21, 39-41), even among some pairs of distantly related species (42). However, spatially segregated territories (Tables S6 and S7 ).
occur most frequently within pairs of closely related, ecologically similar species that occupy structurally simple habitats (15, 21, 28) . When interspecific territoriality occurs in heterogeneous or structurally diverse environments, behaviorally dominant species usually exclude less aggressive species from the more productive end of successional gradients, leading to local habitat segregation (14) . It should be noted that similar patterns of habitat segregation commonly arise in the absence of competition through the mechanism of habitat selection in heterogeneous environments (24, 43-45). Although habitat patch size may be another determining factor for species occupancy, the minimum patch size for most northern European songbirds is relatively small (<1 ha) (46).
In the Danish avifauna, migratory species arrive to nearly empty habitat each spring. Annual mortality rates of migratory songbirds are relatively high (30), and a substantial fraction of arriving individuals are naïve yearlings with no prior breeding experience. Priority effects may come into play if several males of one species establish contiguous territories in a habitat patch before males of other species arrive. Conspecific attraction then might permit one species to dominate numerically a habitat patch so that it becomes less attractive to arriving heterospecifics, which either fail to establish territories or rapidly emigrate to other patches of similar habitat that support larger numbers of their own species. It thus is plausible that conspecific attraction combined with interspecific territoriality could result in mutually exclusive distributions of species at relatively large spatial scales. Interspecific territoriality alone would be unlikely to result in spatial segregation at the grain sizes studied here. The mechanism described above would be more likely to occur among migratory than resident species, at low rather than high population densities, and in patchy environments where patch size is relatively small. In summary, our analyses suggest that conspecific and heterospecific interactions can "scale up" to produce behaviorally driven assembly patterns at relatively large spatial grains. The next generation of coarse-grained macroecological studies may need to incorporate species interactions that occur at small spatial scales. Our results also suggest that a failure to incorporate mechanisms of species interactions may account for the mixed results of current species distribution modeling efforts that use only environmental variables to predict species occupancy (47, 48).
Methods
Geography. The deglaciation of Denmark was completed 16,000-15,500 years ago (ybp) (49), and transformation of the region into the Jylland Peninsula (i.e., mainland) and an archipelago of nearby land-bridge islands took place ≈ 8,500 ybp through the rising of the Litorina Sea (50). Present-day Denmark (∼43,100 km 2 ) presents an ideal geographic template for co-occurrence analysis of avian species at the regional scale. There are no major geographic barriers to avian dispersal (the highest point in Denmark is 173 m above sea level), and there is no evidence of in situ speciation (there are no endemic avian species or subspecies). The larger islands of Sjaelland (7, ), following the Universal Transverse Mercator coordinate system, by 750 observers during the period 1993-1996 (51) (see SI Text for additional sampling details). After small and distant islands and cells with <25 ha of land area were excluded from the data set, a total of 2,003 cells were available for analysis. We aggregated 5-km × 5-km cells (both complete and marginal) to create 10-km × 10-km cells (100 km 2 ). At each grain size, we converted the distributional breeding records to a binary presence/absence (0,1) matrix in which rows represent species and columns represent cells. The matrix of 25-km 2 cells supported 197 breeding species. Three species recorded during the 1993-1996 censuses (Ciconia ciconia, Tetrao tetrix, and Sylvia nisoria) no longer breed in Denmark. Two colonial species (Rissa tridactyla and Alca torda) that occurred in marginal coastal cells at the 25-km 2 grain size were omitted from the matrix when scaling it up to 100-km 2 cells (n = 620). Edge effects of peripheral cells were incorporated by taking account of the area of each cell and its habitat diversity, both of which are reduced in peripheral cells.
Habitat. The Danish environment has experienced several millennia of intensive human disturbance (52) culminating in a contemporary terrestrial landscape characterized by fine-grained patchworks of heath, hedgerow, shrubland, and woodland embedded in a matrix of pasture, meadow, and cropland. Habitats within 25-km 2 cells were previously classified into 12 distinctive categories defined and quantified based on remote sensing of 25-m × 25-m pixels (53): open saline water, open fresh water, urban and unvegetated ground, seasonally tilled cropland, grazed or mown grassland, marshland and bog, grassy heathland, mixed grassy and shrubby heathland, shrubby heathland, shrubby woodland, deciduous woodland, and coniferous woodland (Table S1 ). Cells typically contained a majority of the habitat categories present in Denmark (10.6 ± 1.0 of 12 possible habitats). We constructed a quantitative index of habitat heterogeneity (Fig. 1) based on the percent area of the common habitat categories occurring within 25-km 2 cells. Habitat types covering <1% (25 ha) of the cell area were omitted from the diversity index for that cell. We estimated habitat heterogeneity (HH) as:
where p i is the proportion of the total area measured within each cell that is occupied by habitat i. This index measures the probability that two random points chosen within a cell represent two different habitats (54). HH can range from a minimum of 0.0 (if only a single habitat type is present) to a maximum of 0.917 (if all 12 habitats are equally common). At the 100-km 2 grain size, we recalibrated the HH values of 13 cells (<3% of the total) from 0.00 to 0.01 so that relative probability weights could be calculated. We then multiplied HH by the cell area minus the area of open saline water to create an index of habitat diversity (HD). To minimize numerical round-off error in the HD index (which ranged from 0.01 to 83.77), 60 values <1.0 were rescaled to 1.0. Recalibration was unnecessary at the 25-km 2 grain size.
Indices of Species-Specific Colonization Potential. The ability of a species to colonize isolated patches of habitat is influenced by many factors including population size and dispersal behavior (53, 55). We did not attempt to model dispersal behavior per se, because the spatial scales of annual migration and natal dispersal distances of European birds are large relative to the grain size of census cells (30). Parasitism, disease, and predation also may influence the occupancy of habitat patches, but comprehensive data on these potentially important factors were unavailable. We constructed two indices of colonization potential, one based on the estimated size of breeding populations in Denmark (51) and a second based on the biomass of each species (body mass × Danish population size). We estimated body mass as the midpoint of the mean values recorded for males and females, respectively (Table S2 ). Interspecific variation in avian body mass correlates with longevity (56), which in turn may be linked with a species' ability to resist local extinction through a series of failed reproductive seasons (57). Species with high biomass values in Denmark thus may exhibit enhanced abilities to colonize and persist in suitable patches of habitat. The total breeding avifauna is estimated at 1.643 × 10 7 pairs ranging from <10 pairs (27 species) to 2,228,000 pairs (Turdus merula) per species. The three most abundant species (Alauda arvensis, Turdus merula, and Fringilla coelebs) constituted 32.5% of the total individuals, but 71 species (36%) had breeding populations >10,000 pairs (Table S2) . Narrowly distributed species exhibit a strong range size-abundance relationship, but the correlation is weaker for geographically widespread species in Denmark (58). Estimates of Danish population biomass ranged from <100 g (seven species) to 6.3 × 10 8 g (Phasianus colchicus).
Analysis of Ecological Guilds. We categorized the Danish breeding avifauna into two types of ecological guilds. First, we grouped 194 of 197 species into 33 mutually exclusive foraging guilds, which pool mixtures of congeneric and more distantly related species that use a similar spectrum of resources. We also analyzed a subset of eight narrowly defined congeneric guilds composed of closely related species (Table S2) . To maintain statistical power in guild analyses, we focused on guilds that contained four or more species (171 species in 24 foraging guilds, and 40 species in eight congeneric guilds). For all analyses, the spatial domain included only those cells that contained at 
any of the species in the guild.
Quantification of Species Co-Occurrence Patterns. We used the C-score (59) as a quantitative index of species co-occurrence. The C-score is defined as (R i -S) × (R j -S) where R i and R j represent the total number of occurrences of species i and j, respectively, and S is the number of shared occurrences. The average C-score, calculated over all unique species pairs within an ecological guild, summarizes the pattern of co-occurrence as a single metric. The larger the C-score, the fewer incidents of co-occurrence among pairs of species. However, the C-score, like most indices of segregation or aggregation, is affected both by the number of shared occurrences and by the total number of occurrences of each species. For this reason, comparison with an appropriate suite of null models is essential.
Randomization Tests. We compared the C-score observed for ecological guilds of breeding birds with scores generated by four different null models ranging in complexity from a simple constrained randomization of the binary presence/absence matrix to models that incorporated measures of habitat heterogeneity, population size, and biomass (for model details, SI Text). For each model, we created null avifaunal assemblages (n = 1,000) and calculated the C-score for each. We then compared the C-score observed for ecological guilds with the distribution of simulated C-scores to estimate the one-tailed probability. Each set of simulations was initialized with a new random number seed taken from the system clock, and all null-model analyses were conducted in EcoSim Version 7.2 (60).
Analyses of Habitat Niche Overlap. We used a null model based on the "habitat utilization matrix" (33) to determine whether species' co-occurrence patterns were associated with the coarse-grained distribution of habitats. For each species, we determined the total area of each of the 12 habitat categories in cells that it occupied. We then constructed a habitat utilization matrix in which each row represents a species, each column represents a habitat category, and the entries are the summed areas of the habitat categories in each occupied cell.
The
where p ik is the proportional occupancy of cells containing habitat k by species i. If Oij = 0.0, then species i and j occur in cells that do not share any habitat categories. In contrast, high index values indicate that species occur in cells that contain similar proportions of the various habitat categories. We then calculated the average pairwise overlap for all unique species pairs in the matrix. Habitat utilization matrices were calculated at both spatial scales for foraging and congeneric guilds. Note that the spatial scales of our analyses are relatively large compared with the scale at which avian habitat selection occurs. The metrics describe overlap in the habitat distributions of occupied sites, which is not necessarily identical with overlap in habitat utilization. We compared the average pairwise overlap in real assemblages of species with the frequency distribution of overlap values observed in null assemblages. The null distribution was created by reshuffling the overlap values within each row of the original species × habitat utilization matrix to generate a null distribution (1,000 randomizations) that would be expected if habitat utilization was independent among species. We then calculated the probability that the observed niche overlap was drawn from this distribution (61).
One potential problem with such niche overlap analyses is that they assume that all of the resource states, or in this case habitat categories, are equally abundant (62). This assumption is not met for the habitats of Denmark, which vary considerably in their total area. We therefore analyzed "electivity indices" of species by dividing the observed utilization values for each habitat category by the total area of that habitat in Denmark (32, 63). This scaling gives less weight to common habitats, which will tend to dominate the numerical results in the unweighted analysis. 20 (4), extensive benchmark tests with artificial matrices suggest it has good statistical properties (5-7). However, to ensure our analyses were robust and not unduly influenced by the performance of a single test, we used a suite of four null-model algorithms. These models all use the C-score (8) as the index for measuring species segregation or aggregation. Related indices, such as Stone and Robert's togetherness index (9) could be used also, although these indices
have not yet been subject to benchmark testing.
Fixed-Fixed Model. The fixed-fixed model creates null matrices in which the row and column totals of the matrix are preserved (5). In the absence of additional biological or geographic information, the fixed row and column sums account for observed heterogeneity in site suitability and differences among species in colonization potential (3) . To create such a matrix, we used an algorithm (5) which swaps the elements of randomly chosen 2 × 2 submatrices of the form [01 | 10] or [10 | 01] . Although the pattern of ones and zeros is randomized, each null community has the same number of species (column totals) and occupied cells (row totals) as the real avifaunal community. We created each matrix with a total of 30,000 consecutive swaps or mn swaps (where m = the number of rows in the matrix and n = the number of columns), whichever was larger. These numbers ensured that, in each randomly generated matrix, every swappable submatrix was reshuffled at least once. A unique, independent swap sequence was used for each of the 1,000 null matrices. The fixed-fixed model, when used with the C-score, has been subjected to extensive benchmark testing with artificial matrices that contain specified amounts of randomness and structure (5-7). The swapping algorithm that we have used to create null matrices is slightly less likely to detect segregation of species than is a more recent algorithm that samples all matrices with the same row and column totals equiprobably (10) . However, this bias is small for large matrices of the size we have analyzed here (11) .
Habitat Model. A potential weakness of the fixed-fixed model is that it does not directly simulate a random colonization process.
To address this deficiency, we used a model in which the row totals of the matrix (the occurrence frequency of species) were fixed, but the column totals (the number of species per cell) were not. Most importantly, species were assigned randomly and independently to cells with the probability of occurrence set proportional to the measured index of habitat diversity (HD) for each cell.
Population Model. To reflect the natural differences in habitat diversity among cells and colonization potential among species, we constructed a population-null model in which the total number of species occurrences in the matrix was preserved, but where row and column total were allowed to vary randomly (5) . The probability of an occurrence of species i in cell j was proportional to both the total breeding population size of species i in Denmark and the HD value of cell j. Thus, for the placement of the first species occurrence in the matrix, the cell most likely to be chosen would occur at the intersection of the row with the largest sum (species with largest population) and column with the largest sum (grid cell with the highest HD value). The least likely cell to be chosen would be the one with the smallest row and smallest column sum.
Biomass Model. The biomass model was identical to the population model, except that biomass (total biomass of breeding individuals in Denmark) was substituted for population size. The rational for this model is that total biomass reflects the total energy that has been sequestered by the species in Denmark, integrating the effects of both population size and body size. Because it is difficult to validate or parameterize null models for entire assemblages, our strategy was to test a suite of null models applied to different spatial scales and different levels of assemblage organization. Consistent results that emerge from such a battery of tests yield robust findings that are insensitive to the assumptions and restrictions that may apply to any particular null model or data partition. Body masses were compiled from the Handbook of the Birds of Europe, the Middle East, and North Africa (12) (13) (14) (15) (16) (17) (18) (19) (20) , with a preference for data from Danish, Dutch, and northern German populations. A priori guild assignments were made by C. Rahbek and J. Fjeldså before co-occurrence analyses were performed.
Census Data for Danish Avifauna
Species occurrence records for the 197 breeding birds of Denmark were derived from data in the Danish atlas of breeding birds in Denmark, 1993 Denmark, -1996 . Denmark was divided into 2,169 atlascells (5 km × 5 km). More than 99% of the cells were surveyed for breeding birds: 1,465 were well surveyed, 640 were reasonably well surveyed, 50 were incompletely surveyed, and only 14 cells were not surveyed. Atlas surveys were conducted by ca. 750 observers. The total number of observations (cells × species occurrences) equaled 141,865. Each cell was visited 5-10 times each year for a quantitative census of all breeding species. Field work was conducted between February and August during each of the 4 years (1993) (1994) (1995) (1996) .
Data derived from the atlas surveys were supplemented with information from census records from 2,500 large nature reserves, ongoing single-species surveys, and monitoring or research programs on rare and/or endangered species, wildfowl, and raptors. Incidental information on rare breeding species also was included from published maps on occurrences of Danish breeding birds.
The occurrence of each species in a cell was categorized as (i) confirmed breeding (e.g., observation of adults feeding chicks, occurrence of freshly used nests, and/or adult birds carrying food or excrement); (ii) probable breeding (e.g., territorial singing males observed in the breeding season, individuals observed defending territories, engaging in courtship, building nests, or carrying nesting materials); and (iii) presence observed (e.g., birds were observed in the breeding season but with no other evidence of breeding). In our analyses, we used only records from the first two categories to designate species occurrences. . The HD score is the product of relative grid cell area and the probability that two points randomly chosen within a grid cell represent different habitat types (1). The HD score was used to parameterize null models of random species colonization independently. Other Supporting Information Fjeldså. Table S5 . Co-occurrence analyses of congeneric guilds.
Entries as in Table S4 . ‡ Entries in italics indicate three models for which it was not possible to generate 1000 randomizations because the constraints were very difficult to achieve, and the simulation usually aborted after thousands of unsuccessful trials. These p-values were estimated from the standardized effect size, based on 10 successful replications of each model. Table S7 . Habitat utilization and electivity in congeneric guilds.
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